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MULTIPLE THREAD VIDEO ENCODING
USING GOP MERGING AND BIT
ALLOCATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit, under 35 U.S.C. §365
of International Application PCT/US2009/006062, filed Nov.
12, 2009, which was published in accordance with PCT
Article 21(2) on May 20, 2010 in English and which claims
the benefit of U.S. provisional patent application No. 61/199,
180, filed Nov. 13, 2008.

FIELD OF THE INVENTION

The invention is related to video encoding and more par-
ticularly to supporting HRD (hypothetical reference decoder)
conformance in a GOP (group-of-pictures)-parallel single-
pass video encoder with multiple threads using GOP merging
and bit allocation.

BACKGROUND OF THE INVENTION

HRD conformance is a necessary requirement for an
encoded video bitstream to be successfully delivered in a
practical video streaming system, where the coded bitstream
needs to be transmitted to a remote client decoder over net-
works, and successfully decoded by the decoder for smooth
video playout. A decoder has a decoding buffer of a limited
size that will incessantly receive the delivered video bitstream
from the network. Meanwhile, the decoding module will take
out buffered bitstream of each coding unit (e.g. a frame) from
the buffer, and decode and playout the reconstructed video
signals. In a practical video streaming system, a decoder
buffer is necessary so as to absorb the inevitable jittering of
channel transmission rate of nowadays networks, and thus,
render incessant and smooth decoded video playout.

Therefore, HRD conformance is essentially the same prob-
lem as to satisfy the decoder buffer constraint for a coded
video bitstream.

By assuming a set of HRD parameters at the encoder and
conforming to the assumed HRD parameters in encoding
each frame (or generally slice as in H.264), the resultant
coded bitstreams are then able to be successtully decoded by
any decoder that conforms to the same set of HRD parameters
as well. This facilitates the cooperation among encoders and
decoders from different manufactures in video codec related
industry. The importance of HRD conformance has been
widely recognized and standardized in Annex C of the latest
H.264/AVC video coding standard.

In general, the concerned HRD or decoder buffer param-
eters include: the buffer size, the initial buffer level, and the
channel rate, which define a commonly known model of leaky
bucket. HRD conformance means when filling the coded
bitstream data into the buffer and taking out the bitstream for
each coding unit decoding, there will be no buffer overflow or
underflow. Therefore, to support HRD conformance, a video
encoder has to: (i) keep an exact track of the current buffer
level after coding each unit (e.g. frame or field); (ii) based on
that, derive the upper and/or lower bounds on next unit’s
coding bits; (ii) make sure that the coded bits of the unit does
not go beyond the bounds. In practice, the buffer constraint
problem is addressed by the rate control scheme of a video
encoder.

Supporting HRD conformance in a GOP-parallel single-
pass video encoder with multiple threads presents a challeng-
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ing problem to address. In this commonly used architecture in
real-time video coding systems, multiple GOPs may be
encoded at the same time by multiple encoding threads
respectively, and each GOP can only be coded once. Although
GOP parallel and single pass encoding easily accelerates the
encoding process significantly, a side-effect is that supporting
HRD conformance becomes a highly more difficult task than
that in the conventional case of GOP-sequential single-thread
coding. In GOP-sequential video coding, when coding a
GOP, all the preceding frames have already been coded,
whose coded bits can, thus, be readily used to exactly track
the current buffer level and derive correct bounds for HRD
conformance coding. However, in the case of GOP-parallel
coding, when a thread is going to code the current GOP, some
of its preceding GOPs may still be under coding by some
other threads. This is illustrated in FIG. 1, where the shad-
owed areas represent coded part in a GOP. For those GOPs,
the exact coded bits are not known when coding the current
GOP, which renders HRD conformance coding impossible.

Generally, in a multipass system, one has to let each GOP
exactly consume all the budget bits that is allocated to it prior
to its actual coding. In that way, for those partially coded
GOPs, one can just assume their allocated bits to be their final
coded bits, and use them to keep track of the buffer status.
However, in single-pass real-time video coding scenarios,
exactly achieving the pre-allocated bits for any GOP is a
highly challenging task for rate control. Note exact GOP bits
achievement is much easier and more straightforward if
multi-pass coding is allowed. In that case, even though the
pre-allocated bit of a GOP may not be exactly achieved by a
coded GOP, one can conduct a HRD conformance check
given all the GOPs are coded once. If HRD violations (i.e.
buffer overflows or underflows) are found, the encoder can
re-encode the trouble GOPs with newly allocated bits to
prevent violations. After the 2nd pass coding, the encoder can
do the HRD check again, and so on till no HRD violation is
resulted. However, this HRD adjustment is impossible in
single-pass video encoding, where to support HRD conform-
ance, exactly achieving GOP allocated bits is the only way to
£0.

The decoder buffer constraint or HRD conformance prob-
lem has long been considered an important issue in develop-
ing practical rate control schemes for video encoders in video
streaming applications. However, so far, most of the existing
efforts are focused on the scenarios of GOP-sequential single-
thread coding, where satisfying the buffer constraint is gen-
erally not a challenging problem in practice.

SUMMARY OF THE INVENTION

A method of encoding video wherein an end of scene is
detected, frames are partitioned and groups of pictures
(GOPs) are merged. In the method, an end of scene in a
plurality of input frames is detected. The input frames are
partitioned into GOPs. If the number of frames at the end of
scene GOP is below a low frame threshold, then those frames
are merged with a preceding GOP. The GOPs are buffered and
multiple threads of GOPs are encoded in parallel from the
buffer in a single pass. A bit budget can be allocated for each
GOP, rounded into bytes for each GOP, allocated for each
frame, or allocated for a each macroblock within each frame.
Additionally, the number of bits in each encoded GOP can be
equal to the bit budget allocated for that GOP. Two portions of
bits from the bit budget can be reserved before coding the
GOP for bit allocation of intermediate frames and a last frame
of'the GOP, respectively to prevent short of bits situations and
the two portions can each be rounded to bytes of equal
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amount. For bit allocation of intermediate frames in the GOP,
if a short of bits situation is detected, the reserved GOP bit
budget for them can be used to prevent a bit shortage, wherein
the short of bit situation of bit allocation of a frame is defined
when the ratio of the estimated bits for prediction residue
coding over a frame bit budget is less than a threshold. The
method can further include that the bits for prediction residue
coding of a frame are estimated as the total bit budget of the
frame minus estimated overhead bits not used on residue
coding, including the unit header, picture header, macroblock
header, and motion vector coding bits. Additionally, for a last
frame in the GOP, all the remaining reserved GOP budget bits
can be used in its bit allocation. The method can further
provide that for either a last frame in a GOP or a first I-frame
in a GOP with a GOP size less than a threshold that a portion
of'bits from the bit budget is reserved before coding the frame
to prevent bit overshooting of the frame.

A single pass video encoder or the like is provided for
encoding multiple threads in parallel. The encoder includes a
detection module for detecting an end of scene in a plurality
of input frames; a GOP assignment module adapted for par-
titioning the input frames into groups of pictures (GOPs);
setting a low frame threshold; and merging a GOP having
fewer frames than the low frame threshold at the end of scene
with it’s preceding GOP; and a buffer for storing the GOPs.
The encoder can additionally include an allocation module
for allocating a bit budget for each GOP and a rounding
module wherein the bit budget is rounded into bytes for each
GOP. A bit budget can be allocated for each frame and can be
allocated for a each macroblock within each frame. The num-
ber of bits in each encoded GOP can be equal to the bit budget
allocated for that GOP.

A method is further provided for preparing video for
encoding that comprises the steps of partitioning a plurality of
input frames into groups of pictures (GOPs); setting a low
frame threshold; merging a last GOP having fewer frames
than the low frame threshold with it’s preceding GOP; and,
buffering the GOPs.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described by way of example
with reference to the accompanying figures of which:

FIG. 1 is a diagram showing parallel coding of multiple
GOPs by multiple encoding threads in a real-time video
encoder according to the invention;

FIG. 2 is a block diagram of the overall framework of the
HRD conformance support rate control solution for GOP-
parallel multi-thread single-pass real-time video coding
according to the invention;

FIG. 3 is a block diagram showing bit overshooting com-
pensated MB-level rate control according to the invention;
and,

FIG. 4 is a block diagram showing filler unit adding after
coding the last frame in a GOP.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

At least one implementation in this disclosure addresses
this very GOP-level exact bit achievement problem, and pro-
poses a comprehensive rate control solution to achieve this
goal. The proposed scheme mainly includes: scene-end short
GOP merging, bit budget rounding, GOP and frame-level bit
reservation, bit overshooting compensated MB-level rate
control, filler unit adding, and efficient multi-thread coding
information buffering and communication. Extensive testing
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4

with a practical single-pass real-time video encoder with
multiple threads shows that the proposed scheme always
guarantees HRD conformance, where the failure is always
rarely seen.

For the concerned scenarios of GOP-parallel multi-thread
video coding, if multi-pass GOP coding is allowed, support-
ing HRD conformance also bears the straightforward and
easy to implement solution, i.e. whenever violations are
found, re-encoding the related GOPs with HRD adjustment
until the whole coded bitstream passes the specified HRD
conformance check. Therefore, in that case, although accu-
rate GOP bit achievement is a helpful technique, exact GOP
bit achievement is not a must.

However, in at least one implementation in this disclosure,
we are concerned with GOP-parallel and single-pass video
coding, which is an important and effective architecture for
real-time video coding. In this case, exact GOP bit achieve-
ment is a must for HRD conformance support, which is a
highly challenging problem in practice. This is because video
signals are highly non-stationary signals. However, rate con-
trol conducts bit allocation or achievement based on esti-
mated models from the past coded video units. Therefore, the
mismatch or difference between characteristics of past coded
and current coding video units will lead to rate control inac-
curacies, and hence, inevitable bit overshootings and under-
shootings. For effective HRD conformance support, one has
to develop techniques to make rate control robust enough to
the non-stationarities of video signals, and thus, always
exactly achieve the pre-allocated bits for each GOP coding.

At least one embodiment presents an effective comprehen-
sive rate control solution to achieve exact pre-allocated bits
for each GOP, which, hence, eftectively supports HRD con-
formance in the case of GOP-parallel single-pass real-time
video encoding with multiple threads, as discussed earlier.
The proposed solution mainly consists of the following tech-
niques which will be described in greater detail below:

(1) Scene-end short GOP merging: merging the GOP that is
too short at a scene-end with its preceding GOP, to avoid
possibly highly inaccurate rate control of too-short GOPs.

(i1) Bit budget rounding: pre-allocated bit budget for a GOP
and that for the last coding frame in the GOP are both rounded
into bytes for bit-exact bit achievement.

(ii1) Bit reservation: GOP-level and frame-level bit reser-
vation to prevent short-of-bits situations in frame-level and
MB-level bit allocations.

(iv) Bit overshooting compensation: in MB-level rate con-
trol, bit overshooting effect is compensated to prevent bit
overshooting of coding a frame.

(v) Filler unit adding: proper amount of filler unit bytes are
added after the last coded frame in the GOP to finally use up
all the remaining bits.

(vi) Multi-thread coding info buffering and communica-
tion: it buffers and shares coding info among all the encoding
threads, including: effective coded GOP merging for a
reduced buffer size, and an inter-thread waiting mechanism
with two semaphores, etc. Details ofthe proposed solution are
depicted in FIG. 2. First, at step 20, input frames are parti-
tioned into GOPs which are then buffered into a FIFO (first in
first out) queue. In step 22, the first available coding thread
will take the earliest available GOP from the top of the queue
for encoding. Note that in GOP partition, scene-end short
GOP merging is preferred. This is because due to the limited
total bit budget of the short GOP, the GOP-level reserved bits
to prevent short-of-bits in frame-level bit allocation as men-
tioned in (iii) are also limited. Thus, bit overshooting is more
difficult to be prevented than that for large GOPs. Therefore,
if a GOP at the end of a scene is too short (e.g. <5 frames), the
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GOP will be merged with the preceding GOP to form a larger
GOP, which will ease the burden of exact GOP bit achieve-
ment for rate control.

Next, at step 24, the thread coding the current GOP will
check whether the current GOP is immediately following the
last coded GOP by the thread. If so, the thread can just
continue keeping track of the buffer status resultant from the
last coded GOP. Otherwise, there exist one or more GOPs
between the current and the last coded GOPs that are coding
or coded by some other threads. In this case, the current thread
needs to update the current buffer status based on all the
threads’ coding info buffered in HRD_info_buffer, which
will be explained in details later on. Specifically, for the
intermediate GOPs, either their allocated bits or their actual
coded bits will be assumed as their final coded bits to derive
the current buffer level. If there are GOPs that have not even
been allocated bits yet, the current thread will wait for the
finish of those GOPs’ bit allocation at step 25. Since the time
from a GOP assigned to a thread to the finish of the GOP’s bit
allocation is always negligible, this waiting will not yield
serious delay in the encoding. Regarding the inter-thread
waiting, another important issue is to avoid waiting deadlock.
In practice, it was found that to prevent deadlock, it is neces-
sary to have 2 separate waiting semaphores. Considering FIG.
1, let us assume that when Thread 2, 3, 4 are about to code
GOP_(i+1), (i+3), (i+4) respectively, Thread 1 is still not
done with GOP_i’s bit allocation. Hence, Thread 2, 3, 4 have
to wait for Thread 1’s bit allocation to GOP_i. In practice, a
commonly used inter-thread communication mechanism is
called semaphore. Therefore, when Thread 1’°s done with
GOP_1’s bit allocation, it will send out 3 semaphores to those
3 waiting threads. After receiving an expected wait-ending
semaphore, a thread will end its waiting status. However, in
our case, if Thread 3 or 4 receives a wait-ending semaphore
earlier than Thread 2, they will continue their processing and
immediately set up a new waiting for GOP_(i+1)’s allocated
bits. Therefore, if there is only one waiting semaphore, the
new waiting will directly take one more wait-ending sema-
phore due to the finish of GOP_i’s bit allocation. In this case,
Thread 2 will not successfully receive its expected wait-
ending semaphore from Thread 1, and hence, waiting dead-
lock. Therefore, 2 separate semaphores are necessary. As
such, the new waiting for Thread 2 will not take the wait-
ending semaphores from Thread 1, and hence, waiting dead-
lock will not happen.

As seen in FIG. 2, the thread then moves on to the current
GOP coding. First, at step 26 the bit budget of the current
GOP will be calculated via GOP-level rate control. Herein,
for the present goal of exact GOP allocated bit achievement,
one has to round the allocated bit budget into bytes, as in all
the nowadays video coding standards (e.g. H.264/AVC), each
coding unit (e.g. slice) will be coded into a bitstream with an
integer number of bytes. Therefore, GOP bit budget rounding
is necessary for exact bit achievement. Similarly, the bit bud-
get for each frame is also rounded into bytes, as shown in FIG.
2.

The current thread will then record the current GOP’s
allocated bits into HRD_info_buffer. If there exist some other
threads waiting for the current GOP’s bit allocation result as
discussed earlier, the current thread will send out the accord-
ing number of wait-ending semaphores to notify them the
result and end their waiting (step 28).

Then, it comes to step 30 for GOP-level bit reservation.
Basically, before coding a GOP, a certain amount of bits is
reserved first, in order to prevent the possible short-of-bits
situations in bit allocation of the remaining frames. Due to
rate control inaccuracies, if there are not enough bits for
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coding a certain frame, bit overshooting will most likely
happen for the frame, which may fail the final exact bit
achievement for the GOP. Therefore, bit reservation is neces-
sary. In the current implementation, GOP-level bit reserva-
tion and the spending of the reserved bits are carried out as
follows. Note that herein bits are separately reserved for
preventing short_of bits situations for the intermediate
frames in a GOP, and for coding the last frame, respectively.
This is because preventing bit overshooting is critical to the
final exact GOP bit achievement, and hence, absolutely of
much more importance than that for the other intermediate
frames.

GOP-level bit reservation is accomplished in step 30 based
on the following formulas:

reserved_bits_to_prevent FBA_short_of_ bits=Round_to_bytes[0.5*
min(min(current GOP_length,5)*target_bit_rate/
frame_rate,curr_GOP_target_bits)*0.1].

reserved_bits_for_the_last_frame=reserved_bits_to_prevent FBA
short_of bits.

curr_GOP_target_bits=curr_GOP_target_bits—re-
served_bits_for_the last frame-reserved_bit-
s_to_prevent_FBA_short_of bits.

Spending of GOP-level reserved bits in FBA (frame-level
bit allocation) is managed in step 32 and is based on the
following formulas and logic:

If the current frame is not the last frame in the GOP, and if
short_of_bits happens when allocating bits for the
frame, use half of the current remaining reserved_bit-
s_to_prevent_FBA_short_of_bits in current frame bit
allocation. If still short_of_bits, continue spend half of
the remaining reserved bits, until no short_of_bits hap-
pens or there is no remaining reserved bits.

If the current frame is the last frame in the GOP, add all the
remaining reserved bits, i.e. reserved_bits_for the
last_frame plus the remaining reserved_bits_to_pre-
vent_FBA_short_of_bits if any, to its frame target bit
budget.

In practice, short_of bits in FBA should be properly
defined to help prevent uncontrolled bit overshooting from
frame coding. In our current implementation, it is regarded
short_of bits when for a frame’s bit allocation and consider-
ing all the remaining bits and all the remaining frames, the
estimated remaining bits for prediction residue coding does
not represent a significant portion of the total remaining bits
e.g. <15%. The estimated remaining bits for prediction resi-
due coding is the total remaining bits excluding the estimated
total header bits that includes NAL or VCL unit header, pic-
ture header, and MB (macroblock) header, and motion vec-
tors, etc. Because in case of short_of_bits, even though the
pre-allocated bits for residue coding is not enough, in prac-
tice, to maintain an acceptable coding quality, a minimum
number of bits will still be used in coding the residues, and
hence, bit overshooting for the coded frame.

Besides GOP-level bit reservation, in practice, frame-level
bit reservation techniques according to the invention are
shown in steps 50-60 and are as follows. For the last frame in
aGOP, curr_frm_target_bits=curr_frm_target_bits*0.8. Oth-
erwise, for the 1stI-frame in a short GOP, i.e. GOP_length<5,
curr_frm_target_bits=curr_frm_target_bits*0.9.

Although allocating enough bits for a frame, rate control
inaccuracies inside a frame coding may still render the finally
coded frame bits exceed the original target. For that sake, we
propose another technique for effective frame bit overshoot-
ing prevention, i.e. bit overshooting compensated MB-level
rate control, which is described in details in FIG. 3. Herein,
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related variables are initialized at step 50 and the checkpoint
(step 52) defines how frequent bit overshooting compensation
is conducted in MB-level rate control. Referring to steps 54,
56, in one embodiment, whenever an additional (curr_
frm_target_bits*10%) number of bits are coded in a frame, it
will be regarded as reaching a new checkpoint. A bit over-
shooting ratio will be estimated based on the coding results of
this newly coded 10% of curr_frm_target_bits, and applied to
the remaining target bits to compensate the estimated bit
overshooting effect. As seen in FIG. 3, ifa frame is not the last
frame in a GOP, a relaxed bit overshooting ratio will be used,
as bit overshooting prevention is not so urgent in this case as
for the last frame coding.

Referring to FIG. 4, finally, after coding all the frames in
the GOP, the encoder thread will check whether all the pre-
allocated GOP bits have been used at this point. If there still
remains significant amount of allocated bits, a filler unit will
be added at steps 73, 74 after the coded bitstream of the last
frame in the GOP which will consume all the remaining bits
so as to render the overall coded bits of the GOP exactly the
same as its pre-allocated bits, and hence, successfully support
HRD conformance. A filler unit is a dummy unit as defined in
H.264/AVC, which contains dummy content only, e.g. bits of
all 1s or Os. The proposed filler unit adding scheme is
described in F1G. 4. Herein, for a H.264 defined filler unit, the
number of its header bytes is 6. Note that herein curr_frm_
tareget_bytes represents the original current frame target
bytes before frame-level bit reservation. As seen in FIG. 3, if
curr_frm_target_bytes itself conflicts with the HRD upper
and/or lower bounds at step 70, HRD conformance will be
failed (step 76) even with exact bit achievement of the current
GOP. The HRD conformance will also be failed either if there
is  bit overshooting for the last {frame, ie.
curr_frm_target_bytes<curr_frm_coded_bytes, or if the
remaining unused allocated bytes are less than the minimum
filler unit bytes, i.e. the filler unit header bytes as shown in
step 72.

After coding a GOP, the coded GOP bits will be recorded
properly in HRD_info_buffer. Note that different from
recording the allocated GOP bits, as GOP coding takes much
time, thread waiting for GOP coded bits is impractical in
real-time video coding scenarios.

Further, a proposed efficient mechanism is introduced for
buffering and sharing GOP coding information among the
multiple encoding threads. The coding info buffer is denoted
as HRD_info_buffer. For conciseness, HRD_info_buffer ini-
tialization is not included in FIG. 2. The proposed HRD_
info_buffer consists of two parts: (i) one single CodedSe-
qHrdInfo buffer for buffering the HRD info for all the coded
GOPs that can be concatenated together starting from the 1st
GOP of the sequence; (ii) (2*total_number_of threads)Cod-
edGOPHrdInfo buffers for buffering the coding info for all
the coding or coded GOPs that cannot be concatenated
together with the last GOP in CodedSeqHrdInfo buffer. As
illustrated in FIG. 1, CodedGOPHrdInfo is for storing allo-
cated and coded GOP bits for each of the either coded, i.e.
GOP_(i+2), or coding GOP, i.e. GOP_i, (i+1), (i+3), (i+4),
while CodedSeqHrdInfo records the buffer status info up to
the last coded GOP that can be continuously concatenated
together with all the past coded GOPs starting from the very
beginning of the sequence, i.e. the info of the “Coded
sequence” as marked in FIG. 1.

In practice, an effective technique to efficiently manage the
CodedGOPHrdInfo buffer is neighboring coded GOP merg-
ing, meaning: if there are two coded GOPs in Cod-
edGOPHrdInfo buffer that are neighboring to each other, the
two GOPs coded info will be merged together. This merging

25

30

40

45

55

8

is involved in “update HRD_info_buffer w/t GOP coded bits”
module in FIG. 2, and greatly reduces the buffer size of the
proposed CodedGOPHrdInfo butfer. For example, in our cur-
rent implementation, one can safely set its buffer size to be
(2*total_number_of_threads). Otherwise, the buffer size
would be (2*total_number_of_threads*max_GOP_length),
where max_GOP_length could be very large in practice (e.g.
>150).

Finally, it is important to emphasize that extensive testing
with a practical GOP-parallel single pass real-time video
encoder has been conducted for the proposed HRD conform-
ance support scheme. Results show that with the proposed
scheme, HRD failure is rarely seen all the time, and hence,
HRD conformance is effectively supported.

Provided is one or more implementations having particular
features and aspects. However, features and aspects of
described implementations may also be adapted for other
implementations. Although implementations described
herein may be described in a particular context, such descrip-
tions should in no way be taken as limiting the features and
concepts to such implementations or contexts.

The implementations described herein may be imple-
mented in, for example, a method or process, an apparatus, or
a software program. Even if only discussed in the context of
a single form of implementation (for example, discussed only
as a method), the implementation or features discussed may
also be implemented in other forms (for example, an appara-
tus or program). An apparatus may be implemented in, for
example, appropriate hardware, software, and firmware. The
methods may be implemented in, for example, an apparatus
such as, for example, a computer or other processing device.
Additionally, the methods may be implemented by instruc-
tions being performed by a processing device or other appa-
ratus, and such instructions may be stored on a computer
readable medium such as, for example, a CD, or other com-
puter readable storage device, or an integrated circuit. Fur-
ther, a computer readable medium may store the data values
produced by an implementation.

As should be evident to one of skill in the art, implemen-
tations may also produce a signal formatted to carry informa-
tion that may be, for example, stored or transmitted. The
information may include, for example, instructions for per-
forming a method, or data produced by one of the described
implementations.

Additionally, many implementations may be implemented
in one or more of an encoder, a pre-processor to an encoder, a
decoder, or a post-processor to a decoder. The implementa-
tions described or contemplated may be used in a variety of
different applications and products. Some examples of appli-
cations or products include set-top boxes, cell phones, per-
sonal digital assistants (PDAs), televisions, personal record-
ing devices (for example, PVRs, computers running
recording software, VHS recording devices), camcorders,
streaming of data over the Internet or other communication
links, and video-on-demand.

Further, other implementations are contemplated by this
disclosure. For example, additional implementations may be
created by combining, deleting, modifying, or supplementing
various features of the disclosed implementations.

The following list provides a short list of various imple-
mentations. The list is not intended to be exhaustive but
merely to provide a short description of a small number of the
many possible implementations.

1. A GOP-parallel multi-thread single-pass video encoder
that adopts the proposed comprehensive rate control solution
to support HRD conformance via exact GOP bitachievement.
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2. Implementation 1 where exact GOP bit achievement is
achieved via including any one or more of the following
proposed techniques: (i) scene-end short GOP merging to
reduce occurrence of short GOPs, (ii) GOP-level and frame-
level bit budget rounding into bytes, (iii) GOP-level bit res-
ervation for short_of_bits prevention in frame-level bit allo-
cation, (iv) frame-level bit reservation, (v) bit overshooting
compensation in MB-level rate control, (vi) filler unit adding
in the end of coding a GOP, (vii) the multi-thread coding info
buffering and communication mechanism with neighboring
GOP merging to reduce the buffer size and using two separate
inter-thread waiting semaphores to prevent waiting deadlock.

3. Implementation 2 where in GOP-level bit reservation,
bits are separately reserved for intermediate frames of a GOP
to prevent short_of bits situations in their frame-level bit
allocation and for the last frame of a GOP to prevent its bit
overshooting.

4. Implementation 3 where short_of_bits in frame-level bit
allocation is defined as having no sufficient bits for prediction
residue coding of a frame.

5. Implementation 2 where bit overshooting compensation
in MB-level rate control involves periodic bit overshooting
checking, adaptive bit overshooting ratio estimation, and
remaining target bits adjustment as defined in FIG. 3.

6. A signal produced from any of the implementations
described in this disclosure.

7. Creating, assembling, storing, transmitting, receiving,
and/or processing video coding information, including HRD
information, according to one or more implementations
described in this disclosure.

8. A device (such as, for example, an encoder, a decoder, a
pre-processor, or a post-processor) capable of operating
according to, or in communication with, one of the described
implementations.

9. A device (such as, for example, a computer readable
medium) for storing one or HRD conformance engines, or a
set of instructions for performing an HRD conformance,
according to one or more of the implementations described in
this disclosure.

10. A signal formatted to include information relating to an
HRD, or relating to an HRD output or operation, according to
one or more of the implementations described in this disclo-
sure.

11. Implementation 10, where the signal represents digital
information.

12. Implementation 10, where the signal is an electromag-
netic wave.

13. Implementation 10, where the signal is a baseband
signal.

14. Implementation 10, where the information includes
one or more of residue data, motion vector data, and reference
indicator data.

These implementations advantageously give a comprehen-
sive solution to ensure each GOP exactly uses the pre-allo-
cated bit budget after coding, no more no less, which effec-
tively supports the HRD conformance in single-pass real-
time video encoding systems.

The foregoing illustrates some of the possibilities for prac-
ticing the invention. Many other embodiments are possible
within the scope and spirit of the invention. It is, therefore,
intended that the foregoing description be regarded as illus-
trative rather than limiting, and that the scope of the invention
is given by the appended claims together with their full range
of equivalents.
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The invention claimed is:

1. A method of encoding video in a processing device or
video encoder comprising the steps of:

detecting an end of scene in a plurality of input frames;

partitioning the input frames into groups of pictures

(GOPs);
setting a low frame threshold;
merging a GOP having fewer frames than the low frame
threshold at the end of scene with its preceding GOP;
buffering the GOPs; and,

encoding multiple threads of GOPs in parallel from the

buffer in a single pass, wherein each GOP is coded once
during the encoding such that there is no re-encoding of
the GOPs, some of the preceding GOP undergo encod-
ing in one thread while the GOP undergoes encoding by
another thread.

2. The method of claim 1 wherein a bit budget is allocated
for each GOP.

3. The method of claim 2 further comprising the steps of:

checking whether pre-allocated GOP bit capacity has been

used after encoding the GOPs; and

encoding dummy content to the end of encoded GOPs

failing to have used the pre-allocated GOP bit capacity;
wherein the bit budget is rounded into bytes for each GOP.

4. The method of claim 1 wherein a bit budget is allocated
for each frame.

5. The method of claim 1 wherein a bit budget is allocated
for each macroblock within each frame.

6. The method of claim 2 wherein the number of bits in
each encoded GOP is equal to the bit budget allocated for that
GOP.

7. The method of claim 2 wherein two portions of bits from
the bit budget are reserved before coding the GOP for bit
allocation of intermediate frames and a last frame of the GOP,
respectively to prevent short of bits situations; and

wherein encoded GOPs use a pre-allocated bit budget after

coding to support hypothetical reference decoder con-
formance.

8. The method of claim 7 wherein the two portions are each
rounded to bytes of equal amount.

9. The method of claim 2 wherein for bit allocation of
intermediate frames in the GOP, if a short of bits situation is
detected, the reserved GOP bit budget for them will be used to
prevent a bit shortage; and

wherein encoded GOPs use a pre-allocated bit budget after

coding to support hypothetical reference decoder con-
formance.

10. The method of claim 9 wherein the short of bit situation
of bit allocation of a frame is defined when the ratio of the
estimated bits for prediction residue coding over a frame bit
budget is less than a threshold.

11. The method of claim 10 wherein the bits for prediction
residue coding of a frame is estimated as the total bit budget
of the frame minus estimated overhead bits not used on resi-
due coding, including the unit header, picture header, mac-
roblock header, and motion vector coding bits.

12. The method of claim 2 wherein for a last frame in the
GOP, all the remaining reserved GOP budget bits are used in
its bit allocation.

13. The method of claim 4 wherein for either a last frame in
a GOP or a first I-frame in a GOP with a GOP size less than a
threshold, a portion of bits from the bit budget is reserved
before coding the frame to prevent bit overshooting of the
frame.
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14. A single pass video encoder encoding multiple threads
in parallel comprising:

a detection module for detecting an end of scene in a

plurality of input frames;

a GOP assignment module adapted for partitioning the

input frames into groups of pictures (GOPs);

setting a low frame threshold; and

merging a GOP having fewer frames than the low frame

threshold at the end of scene with its preceding GOP at
the end of scene with its preceding GOP, wherein during
encoding of GOPs which are assigned, each GOP is
coded once during the encoding such that there is no
re-encoding of the GOPs, some of the preceding GOP
undergo encoding in one thread while the GOP under-
goes encoding by another thread; and

a buffer for storing the GOPs.

15. The encoder of claim 14 further comprising an alloca-
tion module allocating a bit budget for each GOP.

16. The encoder of claim 15 further comprising a rounding
module wherein the bit budget is rounded into bytes for each
GOP.

17. The encoder of claim 15 wherein a bit budget is allo-
cated for each frame.

18. The encoder of claim 15 wherein a bit budget is allo-
cated for a each macroblock within each frame.

19. The encoder of claim 16 wherein the number of bits in
each encoded GOP is equal to the bit budget allocated for that
GOP.
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20. A method of preparing video for encoding video in a
processing device or video encoder comprising the steps of:
partitioning a plurality of input frames into groups of pic-

tures (GOPs);
setting a low frame threshold;

merging a last GOP having fewer frames than the low

frame threshold with its preceding GOP, wherein during
encoding of GOPs which are partitioned, each GOP is
coded once during the encoding such that there is no
re-encoding of the GOPs, some of the preceding GOP
undergo encoding in one thread while the GOP under-
goes encoding by another thread; and,

buffering the GOPs.

21. The method of claim 20 wherein a bit budget is allo-

cated for each GOP.

22. The method of claim 21 further comprising the steps of:

checking whether pre-allocated GOP bit capacity has been
used after encoding the GOPs; and

encoding dummy content to the end of encoded GOPs
failing to have used the pre-allocated GOP bit capacity;

wherein the bit budget is rounded into bytes for each GOP.

23. The method of claim 20 wherein a bit budget is allo-

cated for each frame.

24. The method of claim 20 wherein a bit budget is allo-

cated for each macroblock within each frame.
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